The patch clamp technique using enlarged yeast tonoplasts is an effective approach to characterizing the Nicotiana tabacum plant tonoplast K þ channel, NtTPK1. We report here that the NtTPK1-mediated currents comprise two phase components, both which were found to be highly selective for K þ over Na þ and Cl À .
The patch clamp technique using enlarged yeast tonoplasts is an effective approach to characterizing the Nicotiana tabacum plant tonoplast K þ channel, NtTPK1. We report here that the NtTPK1-mediated currents comprise two phase components, both which were found to be highly selective for K þ over Na þ and Cl À .
Key words: channel; potassium; patch clamp; yeast; tobacco Plants contain two families of potassium (K þ ) channel. One is the Shaker-type K þ channel family, and the other is the TPK (two-pore K þ ) channel family. Shaker-type K þ channels have a voltage sensing domain that controls the open and closed state of the ionconducting pore. The TPK family has transmembrane regions composed of four hydrophobic domains and two pore regions. We have isolated the gene encoding a TPK-type channel from Nicotiana tabacum cv. SR1. 1) This channel, the NtTPK1 promoter, was activated in response to salt stress and high osmotic shock. NtTPK1 was found to be localized to the vacuolar membrane (tonoplast). In plant cells, the vacuole is a major intracellular organelle for the storage of ions, proteins, and solutes. NtTPK1 probably represents the major pathway for K þ transport across the tonoplast, and plays a critical role in the formation and maintenance of tonoplast membrane potential and the control of K þ homeostasis in cells. Due to the localization of NtTPK1 to the tonoplasts in tobacco cells, NtTPK1 does not show any activity in the plasma membrane of Saccharomyces cerevisiae or Xenopus laevis oocytes, but the patch clamp technique on yeast tonoplasts is suitable for the examination of NtTPK1. [1] [2] [3] Our previous study revealed that NtTPK1 was sorted into the yeast tonoplast when NtTPK1 was introduced into the yeast. 1) In patch clamp recording, we enlarged cells of the S. cerevisiae SH1006 1) strain, which lacks the tonoplast endogenous cation channel YVC1, 4) by the SI-method.
2) The prepared giant yeast was transferred to a hypotonic condition for rapid release of intact vacuoles, and the current was recorded in the whole-vacuole configuration of the patch clamp technique. The Nicotiana tabacum cv. SR1 K þ channel, NtTPK1, is activated by cytosolic acidification and higher concentrations of calcium, but the electrophysiological features of NtTPK1 remained to be determined.
In this study, we used the same patch clamp system with yeast tonoplast and yeast expression vector pKT10 to characterize the properties of NtTPK1.
5) The membrane potential was stepped to a holding potential of 0 mV to voltages ranging from À60 to 80 mV for 5 s in bath and pipette solutions containing 100 mM K þ (Fig. 1A ). Experiments were performed using 100 mM KCl, 1 mM MgCl 2 , 200 mM sorbitol, and 10 mM TrisMes, pH 6.5, for the bath solution, and 100 mM KCl, 1 mM MgCl 2 , 0.01 mM free CaCl 2 (0.751 mM CaCl 2 / 1 mM EGTA), 200 mM sorbitol, and 10 mM Tris-MES, pH 6.5 for the pipette solution.
1) The theoretical free Ca 2þ concentration was estimated as described by Oiki et al. 6) Instantaneous (I) and time-dependent (T) currents were observed in response to pulses from À60 to 80 mV. The NtTPK1 current exhibited slow increment to steadystate after eliciting instantaneous current when the applied voltage was changed from 0 mV in the positive direction. A decrease in NtTPK1-mediated currents was observed when the applied voltage was changed in the negative direction (Fig. 1B) . This indicates that NtTPK1-mediated currents have both an instantaneous component and a time-dependent component. More than 4 s was needed for the current to become steady. In contrast, the empty vector-transformed yeast tonoplast did not show any similar time-dependent current when the same voltage was applied. Furthermore, instantaneous current was significantly smaller than that of the empty vector transformed yeast tonoplast (Fig. 1C) .
To ensure that the two-phase currents were derived from the same NtTPK1 channel, ion selectivity was analyzed for instantaneous currents and time-dependent y To whom correspondence should be addressed. Tel: +81-22-795-7280; Fax: +81-22-795-7293; E-mail: uozumi@biophy.che.tohoku.ac.jp currents. The permeability ratio was calculated from the shift in the reversal potential for different ion polarity. K þ and Na þ concentrations using the GoldmanHodgkin-Katz (GHK) equation.
where ÁV rev is the shift in the reversal potential upon changing the cytosolic K þ and Na þ concentrations, [K, Na, or Cl] O is the concentration of the bath solution, [K, Na, or Cl] I is the concentration of the pipette solution, R is the universal gas constant, T is the temperature in degrees Kelvin, F is Faraday's constant. The applied voltage was, 80 mV for 5 s at prepulse (T1), followed by 4 s of steps from À60 to 80 mV at test-pulse (T2) (Fig. 2) .
The prepulse at 80 mV resulted in a large number of open channels as compared to the 0 mV prepulse. The greater amplitude of the NtTPK1 channel current was distinguishable from that of the background current. First, the current was measured in symmetrical 100 mM KCl solution, and then the same voltage protocol was used in the bath solution, containing 30 mM KCl, 10 mM KCl, and 30 mM KCl + 70 mM NaCl or 10 mM KCl + 90 mM NaCl. The pipette solution contained 100 mM KCl (Fig. 2) . The instantaneous current and instantaneous current + time-dependent current (Fig. 2C, D) were found shown to plot the I-V curve (Fig. 2E, F) . A 10-fold decrease in the external K þ concentration shifted the reversal potential at both points by 56, 54 mV (instantaneous) and 56, 52 mV (instantaneous + timedependent), which values corresponded to each other and were close to the value of the Nernst potential for K þ (Fig. 2E, F , Table 1 ). Judging by this study, the tail current reversal potential of the single instantaneous current and the mixture of instantaneous current and time-dependent current, was highly selective for K þ over Cl À (Fig. 2E , Table 1 ) and for K þ over Na þ (Fig. 2F , Table 1 ). The results suggest that the recorded current, which comprises the two-phase component, was mediated from the same ion-conducting pore of NtTPK1. Therefore, the time-dependent component consisted of K þ selective channel conductance. The current profile of NtTPK1 shows a unique property as to time-dependent decrease in K þ current amplitude at the depolarized membrane potential. 8) Among TPK-type channels, AtTPK1 and AtTPK4 in Arabidopsis thaliana have been functionally characterized to date. AtTPK1, which is expressed in the tonoplast, did not show instantaneous currents, unlike NtTPK1.
9) AtTPK4, which is located in the plasma membrane, has an instantaneous component and a timedependent component, but did not show any decrease in K þ current at the negative membrane potential, unlike NtTPK1. 10) These results indicate that NtTPK1 represents a different type of TPK channel group from AtTPK1 or AtTPK4. a P Cl =P K is the ratio of membrane permeability to a given ion (K þ or Cl À ), it was calculated by the Goldman-Hodgkin-Katz equation. b P Na =P K is the ratio of membrane permeability to a given ion (K þ or Na þ ), it was calculated by the Goldman-Hodgkin-Katz equation.
